We calculate the pulse compression in a tapered microstructure optical fiber with four layers of holes. We show that the primary limitation on pulse compression is the loss due to mode leakage. As a fiber's diameter decreases due to the tapering, so does the air-hole diameter, and at a sufficiently small diameter the guided mode loss becomes unacceptably high. For the four-layer geometry we considered, a compression factor of 10 can be achieved by a pulse with an initial FWHM duration of 3 ps in a tapered fiber that is 28 m long. We find that there is little difference in the pulse compression between a linear taper profile and a Gaussian taper profile. More layers of air-holes allows the pitch to decrease considerably before losses become unacceptable, but only a moderate increase in the degree of pulse compression is obtained.
Introduction
In previous work on dispersion-decreasing fibers, it was found that the dispersion decreases while the effective mode diameter remains almost constant [1] . By contrast, when one tapers microstructure optical fiber (MOF), the effective area and confinement loss also change [2, 3, 4] . Using the multipole method [5, 6] , we find the lowest-order mode of a tapered fiber, as well as its corresponding dispersion, effective area and confinement loss. We determine the dependence of these parameters on the pitch -the distance between the centers of the holes. We find that the maximum transverse mode compression is limited by the confinement loss in the microstructure fiber, when the mode leaks beyond the last ring of holes. This result is consistent with recently reported work by Kuhlmey, et al. [7] and by Nguyen, et al. [8] . In the work reported here, we focus on a detailed study of the fundamental mode evolution in a four-ring structure that is appropriate for achieving nonlinear pulse compression.
To date, tapered MOF has been used to generate a soliton self-frequency shift [9, 10] , to make a submicron waveguide [11] , to couple waveguides [12] , to convert numerical-aperture [13] , to generate a supercontinuum [14, 15] and to make photonic wires [16] . However, the use of tapered MOF for pulse compression has not been reported in the literature. In this paper, we calculate the pulse compression that is achievable when we use realistic parameters for the dispersion, nonlinearity, and loss as the fiber is tapered, assuming that the transverse structure is preserved while tapering [8, 17] . We proceed by first determining the minimum size to which we can taper the fiber before loss becomes significant [7] . We then determine the compression factor of an input pulse by calculating its evolution in the tapered MOF using the nonlinear Schrödinger equation. The fiber diameter that we considered in this paper decreases monotonically.
As has been demonstrated in previous work on tapered or dispersion-decreasing fiber, the pulse evolution in these fibers depends on the pulse power, pulse duration, and the fiber properties, including the taper length [1, 18, 19] . We show theoretically in this paper that we can achieve a compression factor of 10 in a 28-m long tapered MOF, with an input pulse whose average input power and full-width half-maximum (FWHM) are 400 mw and 3 ps, respectively. The corresponding peak power is 11.8 W in a 10 Gb/s system. The compression factor is defined as the ratio of the FWHM pulse duration at the beginning and the end of the taper. By varying parameters, we have found that increasing the input power leads to larger compression factors and hence shorter pulses. By contrast, increasing the input pulse duration increases the compression factor but also increases the output pulse duration.
MOF Analysis
We used the multipole method to solve for the dispersion, effective area, and loss of the lowestorder mode, given our specific geometry -a hexagonal pattern with four layers of air holes [5, 6] . Figures 1 and 2 show the dispersion and confinement loss of the MOF as a function of pitch. The red solid, green dashed-dot, and blue dashed curves are for air-filling factors of 0.5, 0.55, and 0.6, respectively. The air-filling factor (AFF) is defined as the ratio of the hole diameter to the pitch. The ratio of the core diameter to the pitch is (2Λ − AFF · Λ)/Λ = 2 − AFF. The wavelength used in the simulation is 1.55 μm. Figure 2 shows that as the pitch decreases, the matrix of holes fails to confine the mode, and the loss increases sharply. The pitch at which the sharp increase in loss occurs decreases as the air-filling factor increases, which is expected since a MOF with a larger air-filling factor has better mode confinement. The advantage of smaller pitch is that the fiber has smaller dispersion, which is also shown in Fig. 1 .
Another parameter that changes when one tapers MOF is the nonlinear coefficient. The nonlinear coefficient is given by γ(z) =n 2 (z)ω 0 /cA eff (z). We define the average nonlinear coeffi- 
where n 2 (x, y) = 2.6 × 10 −16 cm 2 /W if the point (x, y) is located in the fused silica glass and n 2 (x, y) = 0 if (x, y) is located in a hole. This definition takes into account the reduction in the nonlinear coefficient because the air holes do not contribute [20] . The quantity |S z | represents the magnitude of the longitudinal component of the Poynting vector. The effective area calculated using the z-component of the Poynting vector is the same for practical purposes as the effective area calculated using the squared magnitude of the electric field [21] . The variables ω 0 and c are the channel's central angular frequency and the speed of light, respectively. The variation of γ as a function of z comes from the variation in bothn 2 and A eff with the pitch. Figure 3 shows that the effective area reaches its minimum when the pitch is about 1.5 μm [22] . We also found thatn 2 only changes by 4% over the range of pitch that we considered. We validated our code by comparing the dispersion and effective area with the result from the Galerkin method [23, 24] . These results are shown as crosses in Figs. 1 and 3 for the air-filling factor of 0.6. The loss cannot be obtained by the Galerkin method since this method assumes an infinite periodic structure. We note that the results presented here from both the multipole code and the Galerkin code used codes that we wrote ourselves. We obtain excellent agreement between the multipole method and Galerkin method for the group velocity dispersion and effective area. The animation in Fig. 4 shows the four-layer MOF geometry that we used in our simulations and the corresponding mode profile. The air-filling factor used for the mode profile in this plot is 0.6. The black circles represent the hole boundaries and the contour plot represents the magnitude of the Poynting vector |S z |. In the contour plot, we normalized |S z | = 1 at the center, and plot the contours on a log scale from 10 −1 to 10 −6 . The left plot shows the geometry of the fiber and mode drawn to scale, while the right plot shows the geometry on a fixed scale normalized to the initial pitch value. When the pitch is large, the mode is well confined, but when the pitch decreases, the effective area becomes smaller. However, the mode diameter decreases more slowly than the pitch, and eventually the mode leaks past the outer air hole ring. We observe that the mode has spread to the outer air hole ring when the pitch is small. A sharp increase of the loss is then visible. 
Pulse Propagation
The propagation of pulses in an optical fiber with variable dispersion and effective area can be described by the nonlinear Schrödinger equation (NLS) [21, 25, 26] 
where u is the complex electric field envelope, z is the distance along the fiber, and t is retarded time. The fiber is taken to be nonuniform, so that the dispersion β 2 (z) = −λ 2 D(z)/2πc depends on z. The nonlinear coefficient γ(z) was defined in the Sec. 2. The parameter α represents the fiber's intrinsic loss, which we fix at 0.02 dB/m, see for example [27] . We solve the nonlinear Schrödinger equation using a standard split-step Fourier method for various initial pulse durations and powers to explore the effect of the taper on the pulse compression [21, 25] . Soliton compression can be used to compress pulses [28] , but this compression normally yields a large pedestal. In principle, one can achieve nearly pedestal-free compression with a lower input power by adiabatic pulse compression [29, 30] . However, the fiber must be far longer than the nonlinear scale length all along the taper, leading to a tradeoff. A faster taper uses the fiber more efficiently but produces a larger pedestal.
When solving the NLS equation with dispersion-decreasing fibers, one need only consider changes to the dispersion along the fiber [28, 29] . By contrast, when solving the NLS equation with tapered MOF, one must consider both changes in the dispersion and effective area. We have observed that it is possible to compress the pulse while the dispersion increases by propagating it through tapered MOF, due to the simultaneous decrease in the effective area.
Results and Analysis
In our simulations, we considered both linear and Gaussian taper profiles for the pitch as a function of distance [29, 31] . The pitch was reduced from 4.5 μm to 1.8 μm. We choose a lower limit of 1.8 μm so that the loss threshold was not crossed. The calculated confinement loss for a four-layer MOF with pitches of 1.7 and 1.8 μm are 0.03 dB/m and 0.0088 dB/m, respectively. The calculated dispersion with a 1.8 μm pitch is 79.4 ps/nm-km. We used a starting pitch of 4.5 μm, which is the maximum possible value due to the constraints of fiber drawing. The linear profile is determined by the fiber pitch at the beginning and the end, so that P(z) = [(L − z)P(0) + zP(L)]/L, where P is the pitch. The Gaussian taper profile is described by the formula P(z) = P(0) exp(−z 2 /σ 2 ), where σ is chosen so that P(L) = 1.8 μm. We solved the nonlinear Schrödinger equation to propagate short pulses along the tapered MOF taking into account second-order dispersion, nonlinearity, and loss. In order to obtain the best compression, we used Brent's method to determine the optimal fiber length [32] . Losses due to reflection have been ignored, since the taper length is much longer than a wavelength. This assumption is consistent with what has been observed in simulations of photonic crystal tapers [33] . In Fig. 5 , we show contour plots for the optimized compression factor for a hyperbolic-secant-shaped pulse when the fiber length is varied. Figures 5(a) and (b) correspond to linear and Gaussian taper profiles, respectively. In these contour plots, the x-axis represents the input pulse FWHM, which ranges from 1 ps to 4 ps. The y-axis shows the average input power, which varies from 300 mW to 700 mW. The repetition rate is 10 Gb/s. The 300 mW to 700 mW average power with a 3-ps input pulse FWHM correspond to 8.8 W and 20.6 W peak power. The wavelength used here is 1.55 μm. In Fig. 6 , we show contour plots for the final pulse duration with (a) linear and (b) Gaussian taper profiles. Figures 5 and 6 show that increasing the input power leads to larger compression and hence shorter pulses. By contrast, increasing the input pulse duration increases the compression factor but also increases the output pulse duration. There is little difference between the contour plots in Figs. 5 and 6. Final pulse duration (fs) Fig. 6 . The contour plot for the output pulse FWHM factor for a hyperbolic-secant-shaped pulse when the fiber length is varied using (a) a linear and (b) a Gaussian taper profile. In this contour plot, the x-axis represents input pulse FWHM, which varies from 1 ps to 4 ps. The y-axis presents an input average power that varies from 300 mW to 700 mW. We use a 10 Gb/s repetition rate in our simulation.
In order to test the sensitivity of the tapered draw to changes in the fiber length, we also plot the compression factor, in Figs. 7 as a function of fiber length for an input pulse FWHM of (a) 1 ps, (b) 2 ps, (c) 3 ps, and (d) 4 ps with 500 mW average input power, (e) 3 ps with 400 mW average input power, and (f) 3 ps with 300 mW average input power. The red solid and blue dashed curves represent linear and Gaussian taper profiles, respectively. As one can observe, the compression factor oscillates with the fiber length. Energy transfers from the central portion of the pulse to its pedestal as a function of distance causes this oscillation. These data show that the fiber length should be carefully chosen to obtain optimal pulse compression. Additionally, we find that the compression factor curves oscillate less at lower power values as shown in Figs. 7(e) and (f) . With 500 mW average input power, the optimized lengths are 8.9 m, 14.7 m, 39.9 m, and 55.5 m corresponding to 1-ps, 2-ps, 3-ps, and 4-ps input FWHM pulses with a linear taper profile. We also show the compression factor as a function of fiber length for an input pulse FWHM of (a) 1 ps, (b) 2 ps, (c) 3 ps, and (d) 4 ps with a peak input power of 10 W in Figs. 8. The corresponding average powers are 114 mW, 227 mW, 340 mW, and 454 mW. We note that in Fig. 8(a) , there is no pulse compression since the nonlinearity is too low. The average power of 114 mW in this case is lower than the average power shown in Figs. 5 and 6. With a peak input power of 10 W, the optimized lengths are 46.9 m, 33.7 m, and 34.0 m corresponding to 2-ps, 3-ps, and 4-ps input FWHM pulses with a linear taper profile. Figure 9 shows the optimized pitch evolution for a 3-ps input pulse with an average power of 400 mW or peak power of 11.8 W with linear (red) and Gaussian (blue) taper profiles. The compression factor is optimized by choosing the length to correspond to the highest peak in Fig. 7(e) . In Fig. 10 , the green curve represents the 3-ps input pulse. The red solid and blue dashed curves represent the output pulses after transmission through the MOF with the linear and Gaussian taper profiles, respectively, shown in Fig. 9 . We find that there is little difference between the output pulse shapes when the linear or the Gaussian taper profile is used. Both of the output pulses have small pedestals whose amplitude is 2% of the maximum amplitude and contain 23% of the pulse energy.
In Fig. 7(e) , we obtain a compression factor of 10 using a 28-m tapered MOF with four layers of air hole rings. We also ran our mode solver for the MOF with six layers of holes. We did find that the loss is smaller than 0.02 dB/m for all pitch values larger than 1.3 μm for the six-layer fiber. However, the dispersion and effective area only change by 0.1% as compared to the fourlayer MOF within the pitch range of 4.5 μm and 1.5 μm. The calculated dispersions at 1.4 and 1.5 μm pitch are −0.4 and 34 ps/nm-km, respectively. Then we simulated a six-layer MOF to see how large the compression factor becomes when the final pitch is 1.5 μm, so that we obtain smaller dispersion. We found that the maximum compression factor for a 3-ps input pulse with an average power of 400 mW increases about 20% as compared to a four-layer MOF. In the case of a five-layer MOF, the calculated loss is smaller than 0.02 dB/m with all pitch values larger than 1.5 μm. We also obtained a similar result with 1-ps, 2-ps, and 4-ps input pulses. Additionally, we have tested the wavelength dependence of our fiber design. We find that the difference in the compression factor is smaller then 1.5%, when we compare wavelengths 1540 nm and 1560 nm. Lastly, we changed the starting pitch to 8 μm, keeping the final pitch at 1.5 μm. For this pitch range, we found a maximum compression factor of 12.6, as compared to the compression factor of 10 with a starting pitch of 4.5 μm. 
Conclusion
Our simulations have combined a multipole mode solver with a nonlinear Schrödinger equation solver to study the achievable pulse compression in a tapered microstructure fiber. We have shown that the primary limitation to pulse compression in a four-layer tapered microstructure fiber is the loss due to mode leakage. We also found that the difference in the compression factor between a linear and Gaussian taper profile was negligible. For the four-layer geometry that we considered, a compression factor of 10 can be achieved by a pulse with an initial FWHM duration of 3 ps in a tapered fiber that is 28 m long.
